Abstract-Off-shore detection of tsunami waves is a critical component of an effective tsunami warning system (TWS). Even more critical is the off-shore detection of local tsunamis, namely tsunamis that strike coastal areas within minutes from the triggering quake. In this paper we propose a new concept for tsunami detection. NESTRAD (Near-Space Tsunami Radar) consists of a real aperture radar accommodated inside a stationary stratospheric airship providing continuous monitoring of tsunamigenic oceanic trenches.
INTRODUCTION
The German Aerospace Agency (DLR) is involved in the GITEWS project (German-Indonesian Tsunami Early-Warning System) and the Microwave and Radar Institute (DLR-HR) is committed to the development of new radar-based concepts for tsunami detection.
The sensor we put forth (NESTRAD -Near-Space Tsunami Radar) consists of a stationary, real aperture radar accommodated inside a stationary stratospheric airship and is expected to provide real-time warnings for tsunamis originated at oceanic trenches lying close to densely populated coastal areas. The novelty of the concept resides however in the sensor platform. As local tsunamis may hit within minutes from the quake, continuous monitoring for real-time warning is needed. Stratospheric geostationary platforms are being developed both in Germany (Zeppelin Luftschifftechnik GmbH) and the US (HAA, High Altitude Airship by Lockheed Martin). These are unmanned, untethered, lighter-than-air vehicles located right above the jet-stream at approximately 20 km altitude and are expected to persist 12 months on station. Indeed, even though technologies and strategies have been successfully developed for distant tsunamis, local tsunamis are still a challenge to today's sensors. Further, being tsunamis relatively rare events, it is desirable for such a sensor to serve also other purposes like weather and ocean monitoring (floods, sea-swells, cyclones) as well as surveillance, reconnaissance, maritime traffic monitoring or missile defense.
II. TSUNAMI PHYSICS
Tsunamis can be originated by earthquakes, submarine landslides, volcanic eruptions, meteorite impacts or by a combination of these factors. The concept proposed in this work is meant to monitor on a medium scale (neither local nor global) tsunamigenic areas of the world ocean in order to detect earthquake-triggered tsunamis. Tsunamis are long gravity waves with unique frequencies in the ocean whose propagation is accomplished by the elliptical movement of water masses. As with the wave amplitude, orbital velocities vary a lot depending on tsunami stage (initial phase or propagation phase), local bathymetry and tsunami magnitude. On Boxing Day 2004 a number of altimeters flew over the tsunami head wave and provided estimates of orbital velocities (about 3 cm/s) and amplitudes (about 60 cm) [4] , [5] . Further, altimeters provided us with a link between the tsunami wave amplitude and the microwave radar cross section [1] (Fig. 1 ). Significant (a few dB) variations of the radar cross section synchronous with the sea level anomaly were found both at C and Ku band in the geophysical data record of the altimetry satellite Jason-1. This effect was observed in the open ocean under (favorable) light wind conditions and is probably due to a tsunami-induced modulation of short wind waves [1] . Close to the shore, tsunami-induced RCS modulations have only been observed by optical sensors but, to the best of the authors' knowledge, never by microwave sensors. However, because of stronger interactions with the shallow bathymetry, both orbital velocities and RCS modulations are expected to be more easily detectable between the shore and the tsunamigenic trench than in the open ocean. From the microwave active remote sensing view point, the oceanographic detectable features of a tsunami wave can be summarized in: • Tsunami Wave Height
• Tsunami Orbital Velocities
• Tsunami-induced Radar Cross Section modulations A note of caution should be taken. If the first two parameters inherently belong to an ocean wave, the third is a geophysical feature that arises because of complex hydrodynamic processes. The behavior of tsunami-induced radar cross section modulations needs further investigations. Of particular interest is the dependence upon bathymetry, meteorological factors and sea-state. As stated above, the only direct measurement of this phenomenon was preciously provided by the Altimetry community. Besides this important result, it is relevant the capability of SAR systems to detect internal waves [3] . The latter are generally triggered by tides and it is worth noting that they are found on SAR images for about any condition of wind speed and depths of water. As with tides, tsunamis are shallow water waves and as such they have the potential to trigger internal waves. Indeed, a number of mechanisms (either known or unknown) might contribute to tsunami-induced radar cross section modulations and chances are that these effects are strong enough to be used as principles of detection by future tsunami warning systems. This involves not only detection but also an estimate of the tsunami magnitude. Ultimately, a stationary sensor has the possibility to learn normal patterns and detection and/or magnitude estimation can be achieved by comparing pre and post quake patterns.
III. NESTRAD
NESTRAD consists of a phased array real aperture radar operating at microwave frequencies (X band for example) accommodated inside a stratospheric airship. Contrary to a satellite, no stowing and deployment of the antenna is required, prompting the use of low power density active electronically scanned array technology (LPD-AESA). In the following, a planar phased array is considered, but other solutions (conformal arrays for example) could be envisioned to achieve full 360° azimuth coverage. NESTRAD offers three principles of detection. The first is the retrieval of tsunami wave amplitudes obtained by pointing the beam downwards and detecting relative displacements in sea-surface height. The second is the Doppler retrieval of tsunami orbital velocities and the third is the detection of tsunami-induced radar cross section modulations. The first principle of detection (Altimeter mode) only provides a point-like measurement at Nadir while the second (Doppler mode) is expected to cover a disk with a radius in the order of tens of kilometres. At 20 km altitude the radar horizon is located at approximately 580 km from the Nadir point. Besides orbital velocities retrieval in the largest possible area, the third detection principle (RCS mode) is expected to detect tsunami-induced radar cross section modulations over much a larger area, expected to be in the order of hundreds of kilometers (Fig. 3) . System parameters for the Altimeter and RCS mode will be developed in the near future. In the following we give some first specifications for NESTRAD and show that its Doppler precision should be able to resolve tsunami orbital velocities.
A. Doppler Mode
Along Track SAR Interferometry has demonstrated the feasibility of Doppler processing of sea-surface radar signatures [2] and was the starting point for the development of NESTRAD Doppler mode. Tsunami orbital velocities appear to be in the order of cm/s in the open ocean (large magnitude tsunamis) but are probably larger between the tsunamigenic trench and the shore. In Table 1 , we propose some (tentative) system parameters for the Doppler mode. Drawing on achievements from ATI-SAR, a stationary pulse Doppler radar located 20 km aboveground is expected to achieve sub-centimetric Doppler precision at least in the area where incidence angles are between 30° and 60°. Considering for example a planar array, this area is a circular sector with angular width of approximately 120° and 30 km width (Fig. 2) . Indeed, a number of factors contribute to the measured Doppler shift (Bragg waves, currents, swell) and detection could be performed by comparing pre and post quake sea surface velocities. Further, it should be kept in consideration that (not yet available) Receive path losses
(not yet available) System Noise Temp.
(not yet available) Dynamic Range
(not yet available) Downlink Data Rate
( tsunami sources have a precise and known orientation, and this information can be used to align the wave propagation direction with the antenna boresight in order to maximize the line-of-sight velocity.
B. TEWS Architecture: Application Examples
A NESTRAD-based tsunami warning system could consist of an array of sensors covering the oceanic trenches and/or subduction zones of a given region. Areas of concern of the world ocean were identified and grouped by the Intergovernmental Oceanographic Commission (IOC) into four regions, namely:
• North-East Atlantic, Mediterranean and connected Seas (NEAMTWS)
• Caribbean Region (CARIBE-EWS)
• Indian Ocean (IOTWS)
• Pacific Ocean (PTWS) The first two regions (NEAMTWS and CARIBE-EWS) could be covered by few NESTRAD units. For example, a NESTRAD-based NEAMTWS could employ 4-5 units to cover from the Azores-Gibraltar fracture zone down to Crete and Turkey (Fig. 4) . Fewer units (3-4) would be enough for the whole Caribbean region. A tsunami warning system for the Indian Ocean Basin (Fig. 5) could consist of 7 -8 NESTRAD units covering the Sunda trench, the Banda Sea and the Makran Subduction Zone (Oman Sea). In the case of the Pacific Ocean the tsunamigenic areas extend spatially on a global scale and in this case NESTRAD could be employed on a medium scale to protect densely populated areas threatened by local tsunamis like Japan or the Cascadia Subduction Zone (North-East Pacific, off Oregon).
C. Advanced Concepts
A drawback of airships as radar platforms is the limited payload prime power and weight. In order to relax these constraints, a NESTRAD array could be designed as a bistatic system with a geostationary illuminator plus a constellation of stratospheric airships hosting passive receivers. This solution entails fewer batteries onboard and consequently a relevantly lighter payload. Further, if tsunami-induced RCS modulations prove to be a reliable indicator of tsunami presence and/or magnitude, regardless of sea-state, meteorological factors and bathymetry, other solutions could be put forth. Advanced concepts for tsunami radars could include a constellation of few MEO satellites or geostationary radars providing continuous and global coverage. Future work involves the full conceptual development of NESTRAD (monostatic and bistatic) and the investigation of advanced concepts for satellite-borne tsunami radars.
IV. CONCLUSIONS
NESTRAD, a new concept for tsunami detection, is presented. It relies on three principles of detection, namely wave height measurement at nadir, orbital velocities retrieval and detection of tsunami-induced radar cross section modulations. NESTRAD advantage point is that it is conceived to protect the population from local tsunamis, that is, tsunamis striking few minutes after the initial triggering earthquake. Besides having the potential to become part of a future operational tsunami warning system, NESTRAD might pave the way for more advanced space-borne tsunami radars.
